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Magnetic polaron conductivity in FeCr2S4 with the colossal magnetoresistance effect
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The magnetic and electrical transport properties of the colossal magnetoresistance material FeCr2S4 are
studied. Low-temperature thermoelectric power and resistivity measurements indicate that magnetic polarons
dominate the conduction behavior at temperatures aboveTc

onset. The temperature dependence of the suscepti-
bility x, measured from 4.2 to 400 K, suggests that FeCr2S4 is ferrimagnetic. Then the micromagnetism of
FeCr2S4 is further investigated by electron-spin-resonance measurements from 100 to 290 K, which reveal that
the paramagnetic-ferrimagnetic transition is incomplete and that a paramagnetic phase coexists with a ferri-
magnetic phase in a certain temperature range belowTc

onset. Accompanying the paramagnetic-ferrimagnetic
phase transition, magnetic polarons may delocalize gradually into the naked carriers. The resistivity in the
presented temperature range can be described in terms of the two-fluid model concerning the coexistence of
magnetic polarons and naked carriers.
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Hole-doped manganite perovskites have become the fo
of scientific and technological interest in the past seve
years, because they exhibit colossal magnetoresist
~CMR! effects.1–3 A number of studies on these materia
revealed that the spin, the charge, and the lattice in this
tem are strongly correlated. Within the framework of doub
exchange~DE! and Jahn-Teller~JT! polarons, the CMR ef-
fect in this system can be explained qualitatively.4–8

Up to now two other CMR materials have bee
discovered—FeCr2S4, with a spinel structure, and Tl2Mn2O7,
with a pyrochlore structure.9,10Because the magnetotranspo
behaviors of FeCr2S4 and manganite perovskites are qu
similar, one might expect to apply the DE theory and
polaron mechanism to explain the CMR effects in FeCr2S4.
However, FeCr2S4 differs both structurally and electronicall
from the manganite perovskites.11 In FeCr2S4, there is nei-
ther heterovalence nor a JT polaron. Moreover, there is
appreciable structural discontinuity around the Curie te
peratureTc . These facts strongly imply that FeCr2S4 belongs
to a class of CMR system with a different underlying ma
netoresistance mechanism.

FeCr2S4 was widely studied in the 1970s,12–16 but its
CMR effects did not receive as much attention then.17 In this
work, we perform resistivity, thermoelectric power, magn
tization, and electron-spin-resonance measurements to s
systematically the magnetic transport and CMR mechan
in this material. Our results suggest a magnetic pola
model for high-temperature conduction behavior. In a cert
temperature range belowTc

onset, magnetic polarons coexis
with naked carriers. Thus the resistivity can be reasona
explained within the framework of a two-fluid model.

The polycrystalline FeCr2S4 samples were prepared b
standard solid-state synthesis method.9 The power x-ray-
diffraction pattern showed that all observed peaks could
indexed with a cubic cell witha50.99941(7)nm, and a
space groupFd3m.18

The magnetization~M! measurements in the temperatu
range from 4.2 to 400 K were performed using a superc
ducting quantum interference device magnetometer i
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field-cooling ~FC! and zero-field-cooling~ZFC! sequence
under an applied field of 0.01 T, which is shown in Fig. 1~a!.
As seen from theM2T curve,M increases with decreasin
temperature, and then increases abruptly nearTc

onset ~173 K!
due to the paramagnetic-ferromagnetic~PM-FM! transition.
The Curie temperatureTc ~168 K! is defined as the tempera
ture corresponding to maximum ofudM/dTu. In manganite
perovskites, the decrease of magnetization with decrea
temperature may be indicative of the presence of magn
order frustration or a transition into a spin-glass phase.19,20

FIG. 1. ~a!. Temperature dependence of the magnetizationM
;T) in FC and ZFC sequences respectively.~b! Temperature de-
pendence of the paramagnetic susceptibilityx as a plot of 1/x vs
temperature. The solid line is a fit to Eq.~1!, with parameters given
in the text.
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On the other hand, in a ferrimagnet, the above phenom
can also be attributed to spin-reorientation transition21

Then, in order to clarify the magnetism in FeCr2S4, it is
necessary to investigate the paramagnetic susceptibility.
temperature dependence of the paramagnetic susceptibix
is shown in Fig. 1~b! as a plot of 1/x versus temperature
which is similar to the results reported by Srinivasan a
Seehra.21 According to the physics of ferrimagnetism, a
Srinivasan and Seehra pointed out, the temperature de
dence of the paramagnetic susceptibilityx can be described
by Eq. ~1! ~Refs. 21 and 22!:

1

x
5

T

C
1

1

x0
2

s

T2u
~1!

Herex0 , C, s, andu are fitting parameters. The fit results
x are shown as the solid line in Fig. 1~b!, with u5167
(63), s53818(650), 1/x05130(62), and C51.50
(60.02). Clearly, the experimental result fits Eq.~1! well
except nearTc , indicating that the sample is a ferrimagne
As is known, at temperatures near and aboveTc , there is
strong short-range magnetic correlation in system; thus
system is not in an ideal PM state, and the fit of Eq.~1! is not
good nearTc . According to Ne´el’s two-sublattice model,22

both the Fe sublattice and Cr sublattice are ferromagne
while the magnetic moment of the Fe sublattice is antipa
lel to that of the Cr sublattice due to the magnetic coupl
between these two sublattices.

Here we further investigate the micromagnetism
FeCr2S4 by the electron-spin-resonance~ESR! measure-
ments. The ESR spectra of the powder sample were reco
from 100 to 290 K in a Brucker ER200D spectrometer at
GHz, as shown in Fig. 2. At temperatures aboveTc

onset ~173
K!, only one ESR signal is observed, withg factor near 2,
which is marked by the dark arrow. The signal can

FIG. 2. ESR spectrum at different temperatures between
and 290 K.↑ marks the PM peak, and̂marks the FMR peak.
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thought to originate from Fe and/or Cr ions. BelowTc
onset, as

seen from Fig. 2, a ESR signal with ag factor near 2 still
exists in the temperature range fromTc

onset to 155 K, which
indicates that the PM-ferrimagnetic transition is incomple
and that the PM phase may coexist with the ferrimagne
phase. Clearly, the ESR spectrum splits, as shown in Fig
and the splitting peaks~higher- and lower-field splitting
peaks, marked by ‘‘L’’ ! are separated from the PM signal
The original PM peak is broadened gradually as the temp
ture is lowered, and eventually vanishes at about 125 K.
splitting peaks shift toward lower and higher fields with d
creasing temperature, respectively. In a single-cry
sample, the shape of the sample and the direction of
magnetic field may determine whether the shift is positive
negative.23 However, in our case, these effects of the powd
sample have been averaged.21 Thus the two splitting peaks
reflect the antiparallel magnetic moment between the Fe
Cr sublattices. Because the moment of the Cr sublattic
larger than that of the Fe sublattice, the moment of the
sublattice is likely to be parallel to the applied field. Hen
the internal field of the Cr sublattice may cause its ferrom
netic resonance~FMR! line shift to lower fields, which forms
the left branch peaks. So does the Fe sublattice, though
antiparallel and forms right branch peaks.

The resistivity measurements were performed using
standard four-probe method in the temperature range f

0

FIG. 3. Resistivity r and magnetoresistance MRH5@r(0)
2r(H)#/r(0), vs temperature for FeCr2S4. The inset shows the
curve of lnr vs 1000/T.

FIG. 4. Thermoelectric power~S! vs temperature for FeCr2S4.
The dark real line in~b! is fitted byS5(kB /e)(a1ES /kBT).
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4.2 to 300 K under three different applied fields~0, 3, and 5
T!. The resistivityr, and magnetoresistance MRH5@r(0)
2r(H)#/r(0), as afunction of temperature are shown i
Fig. 3. Both r and MRH display a peak nearTc

onset. The
maximum of MR5 is 16%. The temperature corresponding
the minimum resistivity in ther;T curve belowTc is de-
fined asT1(5153 K). It is interesting thatT1 is just the
temperature corresponding to ESR spectra splitting. As s
from the inset of Fig. 3, the curve of lnr versus 1000/T is
linear at bothT.Tc

onsetandT,T1 , indicating a semiconduc-
torlike behavior in two regions. The fits byr
5r0 exp(E/kBT) give the activation energiesEL526 meV for
T,T1 , and EH547 meV for T.Tc

onset, respectively. This
implies that the conduction mechanisms are different for
two temperature regions.

EH.EL indicates clearly thatEH , the activated energy a
temperatures aboveTc

onset, does not arise from a simple the
mally activated effect. In order to understand the discrepa
betweenEL andEH , we performed a thermoelectric powe
~S! measurement, which is shown in Fig. 4. Fitting the e
perimental date byS5(kB /e)(a1ES /kBT),24 we obtain 23
meV for ES , which is approximately equal to 26 meV fo
EL , and much lower than 47 meV forEH . In manganite
perovskites, the discrepancy betweenES and EH can be at-
tributed to the presence of lattice or magnetic polaro
However, in our case, as there is neither a structure trans
aroundTc nor a JT effect, the polarons mainly exist in th
form of magnetic polarons.25

It can be seen in Fig. 2 that the sample is in a typical P
state at temperatures aboveTc

onset, which is favorable for the
existence of magnetic polarons. As we know, a magne
polaron is a carrier coupled by short-range magnetic corr
tion within a magnetic cluster at temperatures aboveTc

onset.
Accordingly, the effective mass of a magnetic polaron
creases greatly with respect to that of a naked carrier; th
fore, a magnetic polaron has a lower mobility and a high
activated energy.26–28

Note that the paramagnetic-ferrimagnetic transition ta
place atTc

onset. Magnetic polarons will be delocalized from
the self-trapped state and turn into naked carriers comple
in an ideal ferrimagnetic order.26,27 As a consequence, th
en
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resistivity decreases drastically at this point, and the sys
should change completely to one of thermal activation tra
port of naked carriers. However, the resistivity decrea
gradually with temperature fromTc

onset to T1 , and MR also
extends to a broader temperature range belowTc

onset~as seen
from Fig. 3!. This indicates that magnetic polarons may s
exist in this temperature range. It is noted in Fig. 2 that E
signals withg factor near 2 also exist in the temperatu
range fromT1 to Tc

onset. This indicates that a PM state sti
exists at this temperature range, which provides a surv
environment for the magnetic polaron. Magnetic polaro
will be delocalized gradually as the PM phase weake
They then vanish completely atT1 , denoting that magnetic
order destroys the environment for magnetic polarons. T
the resistivity in the temperature range could be attributed
two factors: the thermal activation effect and the transpor
magnetic polarons. Thus the resistivity in the presented t
perature range can be described in terms of a two-fluid mo
concerning the coexistence of magnetic polarons and na
carriers. An external magnetic field will increase the fer
magnetic order, and inhibit the formation of magnetic p
arons, thus MR extends to a broader temperature range
low Tc

onset.
In conclusion, the magnetic and transport properties

FeCr2S4 are studied in detail. The experimental results
thermoelectric power measurement suggest a magnetic
laron conduction at temperatures aboveTc

onset. The tempera-
ture dependence of the ESR signal indicates that a PM p
coexists with a ferrimagnetic phase in a certain tempera
range just belowTc

onset, and suggests that magnetic polaro
may coexist with delocalized carriers in that temperat
range. Accordingly, the resistivity in the presented tempe
ture range can be described in terms of a two-fluid mo
concerning the coexistence of magnetic polarons and na
carriers.
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